Abstract. Semiconductor nanocrystals have arisen as outstanding materials to develop a new generation of optoelectronic devices. Their fabrication under simple and low cost colloidal chemistry methods results in cheap nanostructures able to provide a wide range of optical functionalities. Their attractive optical properties include a high absorption cross section below the band gap, a high quantum yield emission at room temperature, or the capability of tuning the band-gap with the size or the base material. In addition, their solution process nature enables an easy integration on several substrates and photonic structures. As a consequence, these nanoparticles have been extensively proposed to develop several photonic applications, such as detection of light, optical gain, generation of light or sensing. This manuscript reviews the great effort undertaken by the scientific community to construct active photonic devices based on these nanoparticles. The conditions to demonstrate stimulated emission are carefully studied by comparing the dependence of the optical properties of the nanocrystals with their size, shape and composition. In addition, this paper describes the design of different photonic architectures (waveguides and cavities) to enhance the generation of photoluminescence, and hence to reduce the threshold of optical gain. Finally, semiconductor nanocrystals are compared to organometallic halide perovskites, as this novel material has emerged as an alternative to colloidal nanoparticles.
Introduction
Semiconductor nanocrystals are colloidal nanoparticles that have been investigated in the last decades to provide active functionalities in optoelectronic devices. Their interest comes from an outstanding light emission and electronic properties derived from their small dimensions, between 1 and 10 nm, easily obtained by colloidal chemistry methods [1] . Therefore, these nanostructures confine carriers in three spatial dimensions giving rise a discrete energy spectrum, in analogy to III-V semiconductor nanostructures [2] . Moreover, such small size is typically smaller to the Bohr radius of the exciton in the corresponding material that corresponds to the regime of strong quantum confinement, where optical and electronic properties of nanostructures become size dependent. For example, the band-gap of the nanocrystal (and hence the absorption and emission wavelengths) can be easily tuned by changing its dimensions [1] . Besides, the size is so small that the spacing of electronic states is much greater than thermal energy [1, 3] , and the emission of light results independent of temperature. As a consequence, semiconductor nanocrystals become a flexible choice to develop a broad a e-mail: isaac.suarez@uv.es range of optoelectronic applications where the absorption and emission of light is required [4] . Examples include waveguides [5] , microcavities [6] , displays [7] , LEDs [8] , lasers [9] , photodetectors [10] , solar cells [11] or optical transistors and memories [12] . For this purpose, their solution process nature enables an easy integration on large areas on different substrates or photonic architectures.
In particular, they can be easily incorporated in different sort of waveguides or optical resonators in order to demonstrate gain generation or lasing. Indeed, semiconductor nanocrystals are particularly suitable for these applications because of their excellent light-emitting properties. In this way a significant progress in the synthesis of the nanostructures has been developed in order to improve their stability and efficiency of emission, leading to the minimization of the threshold of stimulated emission and the improvement of other figures of merit. In this way different strategies have been carried out, including the improvement of the surface passivation by appropriate ligands or semiconductor shell [13] , or the modification from spherical shape (quantum dot, QD) [14] into elongated (quantum rod, QR), or planar (nanoplatelet, NP) [15] shapes.
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The European Physical Journal Applied Physics This paper summarizes most important works developed by the scientific community to implement active photonic devices based on the different kinds of colloidal nanocrystals (QDs, QRs and NPs). For this purpose, the optical properties of these nanoparticles are firstly analyzed and compared. Then, the technologies to integrate the nanocrystals in photonic structures are presented, indicating their advantages and limitations to generate optical gain, and to provide other applications such as two photon absorption, saturation of absorption or sensing. Finally, the properties and performances of colloidal nanocrystals are compared with organometallic halide perovskites [16] , because these novel solution process materials are currently being proposed as an alternative of colloidal nanocrystals, even if very recently we can also find some reports on emitting devices based on metallic halide perovskites in the form of nanoparticles.
Optical properties of semiconductor nanocrystals
Semiconductors nanocrystals are semiconductor nanostructures in which the electron function is confined by a higher bandgap in the surrounding material. Their fabrication under colloidal chemistry methods allows the control of the dimensionality with the shape in the nanoparticle. In this way semiconductor nanocrystals can be synthetized in QDs (Fig. 1a) , QRs (Fig. 1b) or NPs (Fig. 1c) in order to provide a three dimensional, two dimensional and one dimensional confinement of the carriers respectively. While bulk semiconductors are characterized by a continuous conduction and valence energy bands separated by an energy gap dependent on the composition, in a nanocrystal the spectrum of energies becomes discrete with an energy spacing that increases as the size of the nanoparticle is reduced.
Size dependent band gap
If the dimensions of the nanocrystal are smaller than the Bohr radius of the exciton in the corresponding Size-exciton peak dependence of the colloidal quantum dots. CdS (blue), CdSe (green), CdTe (red), InP (orange), PbS (dark gray), PbSe (light gray). Number in parenthesis refers to the Bohr radius. Curves are extracted from the empirical formula provided in [18, [21] [22] [23] . Note the different scale in the x-axis indicated by the vertical white line.
material, strong confinement is provided, and their electronic and optical properties become size dependent, leading to important advantages for the optoelectronic technology [1] [2] [3] . In this way, semiconductor nanocrystals would result particularly suitable, because their small dimensions (between 1 and 10 nm) are obtained with high accuracy by standard colloidal chemistry synthesis [17] . Therefore, band-gap of colloidal nanocrystals (and hence absorption and emission wavelengths) can be tuned among a wide spectral range that depends not only on composition, but also on the size of the nanocrystal (see Fig. 2 ). Exciton energy of Cd families has been extensively studied by Peng's group [18] , which obtained the following empirical formulas relating the diameter of the QD (D) with the exciton absorption wavelength: 
CdSe can range the whole visible spectrum between 500 and 750 nm (green line in Fig. 2 ). CdS and CdTe exhibit smaller and bigger sizes respectively, and hence longer and shorter exciton energies (blue and red lines in Fig. 2 ).
Later these results were corroborated by other authors [19, 20] . Pb families have been traditionally proposed to work at infrared wavelengths, and empirical formulas to calculate the band gap (E g ) as a function of the diameter of the nanoparticle (D) of PbS and PbSe nanoparticles were proposed in references [21] and [22] ,
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Eg PbS (eV) = 0.41
Eg PbSe (eV) = 0.278
InP QDs have been also successfully synthetized by colloidal chemistry with emission between 400 and 800 nm. Again, the dependence of the band-gap with diameter can be approximated by the empirical formula obtained by [23] (orange line in Fig. 2 ):
Finally, other colloidal QDs with demonstrated absorption/emission at long infrared wavelengths are PbTe (1200-2200 nm) [24] and HgTe (1300-5000 nm) [25] .
Emission of light
The absorption of a photon of energy higher than the (size-controlled) band-gap of the nanocrystal (hν p > E g ) results in the promotion of one electron from the valence band (VB) to the conduction band (CB). Since this electron leaves a hole in the VB, an electron-hole pair (or exciton) is created, as it is shown schematically in Figure 3a [2] . Then, the electron can be spontaneously relaxed to the VB leading to a new photon at lower energy (hν e < hν p ) in a process called photoluminescence (PL), as it is presented in Figure 3b . Here, there is a shift in the energy within this process because states involved in absorption and in emission are different. When several nanocrystals are involved in the process, the number of electron hole pairs per QD (N eh ) excited with an incident flow of photons (Φ) is usually estimated by:
where σ abs is the absorption cross section that can be extrapolated from the absorption and the medium surrounding the nanoparticles [26] . Creation of electron-hole pairs, however, does not always lead the emission of a photon, because either the electron in the CB and the hole in the VB can be relaxed through non radiative channels (Fig. 3c) . Therefore, since most practical applications of colloidal nanocrystals rely on the efficiency of emission, chemists have made a great effort to optimize the quantum yield (QY) of the nanocrystal, defined as:
where τ r and τ nr refers to the radiative and non radiative lifetimes respectively. For this purpose, the passivation of the surface of the QDs has been carefully studied in order to minimize the traps and to provide a barrier with the surrounding medium [27] , and hence to provide an enhancement of the emission efficiency [28] . Indeed, colloidal nanocrystals are usually characterized by temperature-insensitive emission, because the barriers are so high that thermal energy losses are inhibited. Such a passivation of the surface can be carried by a careful choice of ligands, or by growing a core shell structure where the nanocrystal (core) is surrounded by another semiconductor material (shell) in an onion like structure, as it is illustrated in Figure 4a [11].
Auger non recombination rate
Among the different non radiative channels, reduction of Auger recombination rate ( Fig. 3d ) has been the subject of significant attention for many researchers. In a stimulated emission (or optical gain) process an incoming photon (hν e ) promotes the recombination of an electron hole pair to another photon with the same energy, phase and polarization (Figs. 3d and 3e). However, efficiency of stimulated emission can be dramatically reduced by Auger non radiative losses, because by this non radiative mechanism the energy of an electron hole pair is transferred to either an electron or a hole of excited levels ( Fig. 3f ) [29] . Strategies to minimize this mechanism include the incorporation of a thick CdS shell around a CdSe has [30] , or by growing an intermediate CdSe x S 1−x layer CdSe and the CdS [31] .
Type I and type II nanostructures
A core-shell nanostructure does not only improve the passivation of the nanocrystal surface leading to an increase of the QD quantum yield, but also serves to engineer its electronic and optical properties through the band alignment offsets between the respective CB and VB of the joined materials [32] . In this way it is important to distinguish between type I and type II core shell materials. In the former the shell presents a larger band-gap than that in the core, and both electrons and holes are confined in the core (see Fig. 4b ); while in the latter the band-gap in the shell is smaller than that in the core, and electrons or holes are delocalized in the shell (see Fig. 4c ).
Photonic devices based on semiconductor nanocrystals
The excellent light emitting properties of colloidal nanoparticles have been successfully proposed to develop a wide range of photonic applications, like sensing, amplification or lasing. For this purpose it became necessary to integrate the nanoparticles (fabricated in a liquid solution) into a photonic structure (in a solid state), and to exploit efficiently their active properties.
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Amplification in colloidal nanoparticles in waveguides structures
A planar waveguide geometry (see Fig. 5a ) incorporating semiconductor nanocrystals has been usually proposed to demonstrate amplification of the spontaneous emission (ASE). For this purpose, the structure is usually optically pumped by focusing an excitation beam on the top surface of the sample with the aid of a cylindrical lens, as it is illustrated in Figure 5a . The advantage of this experimental set-up relies on a uniform excitation of the pump beam along the whole length of the waveguide, and the straightforward characterization of the net gain of the film (g) by fitting the intensity of PL (I PL ) as a function of the length of the stripe (L) by the following equation:
30001-p4 I. Suárez Alvarez: Active photonic devices based on colloidal semiconductor nanocrystals and organometallic halide perovskites where I SS is the intensity of stimulated emission. In this way this experimental set-up is usually named as variable stripe length (VSL) method, and it is commonly used to analyze active waveguides [33] .
Amplification of the spontaneous emission in close packed films
A close packed film of colloidal nanocrystals (see Fig. 5a ) can be easily fabricated from the colloidal solution by coating methods (spin coating, dip coating, etc.). The refractive index of the resulting film (n f ) can be calculated by considering the packing density (or the filling factor) of the nanocrystals, and then applying an effective medium models, such as Brugemann [34] or Maxwell-Garnett [35] . Then, for high enough filling factors n f overcomes the refractive index of the substrate (n s ), and the structure constitutes an active planar waveguide. The first demonstration of optical gain with colloidal nanocrystals was carried out by Klimov et al. by using a close-packed film of CdSe QDs [36] . For this purpose the nanostructures were carefully passivated in order to reduce surface traps, and the fabrication of the films was controlled to reach a filling factor as high as 50%. As a consequence, the waveguides generated ASE when the films were optically pumped above a certain threshold. Results obtained by Klimov are presented in Figures 6a and 6b. Under low excitation levels the spectra measured at the output edge of the waveguide presented a Gaussian shape and its intensity increases linearly with the pump fluency. Nevertheless, above a certain threshold the PL collapsed to a narrow peak and its intensity grew superlinearly with the excitation fluency, both clear signatures of optical gain. The difference between Figures 6a and 6b relies on the passivation procedure, trioctylphosphine oxide (TOPO) ligands, and a ZnS shell respectively.
Single exciton gain in core-shell nanocrystals
Once the generation of ASE in colloidal nanocrystals had been demonstrated, researchers have studied how to minimize the stimulated emission threshold. Optical gain requires a light excitation regime, in which stimulated emission overcomes absorption. For this purpose the number of electrons in the excited state needs to be higher than that in the ground state (i.e., population inversion). Since the ground state of a QD presents two electrons in the VB, it would be necessary to reach the biexciton regime (two electrons in the CB) in order to achieve net gain in the system. Therefore, the number of electron-hole pair (N eh ) per QD needs to be grated than one (e.g., 1.4 in [36] ).
Nevertheless, Klimov demonstrated that it is even possible to achieve optical gain under single exciton regime (one electron in the conduction band or N eh < 1) if type II core shell nanostructures are chosen as a gain media [37] . The local field associated with the delocalization of electrons (or holes) in these nanoparticles induces a Stark shift in the absorption spectrum, breaking the balance between absorption and stimulated emission. Since just one electron needs to be promoted, optical gain in the single exciton regime results in a smaller threshold of stimulated emission. Klimov et al. compared the generation of gain in type I CdSe and type II CdS/ZnS colloidal QDs, with emission at 635 and 620 nm, respectively (see Fig. 7a ) [37] . CdSe QDs needed to pumped above 5 mJ/cm 2 to demonstrate optical gain, while the
30001-p5
The European Physical Journal Applied Physics threshold of stimulated emission in type II CdS/ZnS nanocrystals was reduced down to 2 mJ/cm 2 , being both systems characterized under femtosecond operation. When the type II nanostructure was excited at pump fluencies higher than 6 mJ/cm 2 , a second ASE band corresponding to the biexciton regime was also measured (see Figs. 2b and 2c ). Authors estimated a number of electron hole pairs per quantum dot (N eh ) of 1.1 and 0.6 in the biexciton and exciton regimes, respectively (see Fig. 2d ).
Single exciton regime (N eh < 1) was also exploited by Dang et al. to decrease ASE threshold (at 625 nm) down to 90 μJ/cm 2 [38] . For this purpose, authors employed a close packed film of CdSe/Zn 0.5 Cd 0.5 S core/shell QDs with high quantum yield emission (80%). In addition, deposition of the layer was carefully optimized in order to reduce scattering losses and to maximize the packing density (up to 50%). Moreover, stimulated emission was demonstrated not only in the red, but also in the green and in the blue by using smaller nanoparticles. However, required pump fluency increased up to 175 and 800 μJ/cm 2 respectively, as illustrated in Figure 8 . Finally, it is worth mentioning that authors compared the gain generated under femtosecond and picosecond pulses, concluding that higher pump fluencies (720 μJ/cm 2 ) were necessary under the second excitation conditions, due to the competition from the Auger recombination losses.
Reduction of Auger recombination rate
Minimization of Auger recombination rate has been the subject of investigation of many researchers because limits the generation of stimulated emission. These non radiative losses are inversely proportional to the exciton volume and directly proportional to the overlap between the electronhole wave functions, and hence they can be reduced by a proper design of a core-shell nanocrystal. An interesting strategy was proposed in [30] where a big CdS (6.7 nm) shell grown on a CdSe core. The high localization of the carriers in the shell resulted in the reduction of Auger non radiative losses. In addition, this giant shell enlarges the Stokes shift between the PL (emitted by CdSe core) and the absorption (dominated by the CdS shell), and reducing self absorption losses. As a result, not only the emission from the CdSe core exhibited a small threshold of stimulated emission (30 μJ/cm 2 under femtosecond pulses), but also the emission of the CdS shell presented optical gain for high enough pump fluencies (190 μJ/cm 2 ). Another proposal was carried out by Guzelturk et al. who presented a tailored CdS shell slowly grown on a CdSe core at high temperature [39] . Since the shell was relatively thin (6 monolayers), reduction of non radiative losses was achieved not only by delocalization of carriers but also by a decrease of traps provided by this particular smooth shell. As a result, ASE was demonstrated with high stability with a pump threshold as low as 29 μJ/cm 2 .
Colloidal quantum rods
Colloidal quantum rod (see Fig. 1c ) emerged in a suitable material for photonics applications. Their particular elongated shape results in a two dimensional confinement of the wave function, and an interesting light emitting properties derived from a high cross section, a polarization dependent emission, an efficient multiphoton excitation or a large Stokes shift. Among the different QR configurations, an ellipsoidal shell surrounding a spherical QD emerged as a suitable nanostructure for gain applications. Such a dot in rod structures not only provides an enhancement in the quantum yield, but also another degree of freedom to tune the band-gap. Indeed, energy 30001-p6 I. Suárez Alvarez: Active photonic devices based on colloidal semiconductor nanocrystals and organometallic halide perovskites position of the absorption and emission exciton peaks can be tuned independently by using the dimensions of the shell and the core respectively [40] [41] [42] . As a consequence, it became possible to minimize self-absorption losses by enlarging the Stokes shift between the absorption and the PL, and hence to reduce the stimulated emission threshold.
Generation of optical gain in colloidal QRs was firstly demonstrated by Kazes et al. by optically pumping a close packed film of CdSe/ZnS QRs (emission close to 600 nm) with nanosecond pulses [43] . However, gain was limited by thermal losses and cryogenic temperatures (below 100 K) were necessary to reach the ASE threshold, found at 10 mJ/cm 2 . A temperature independent gain was demonstrated by Moreels et al. in close packed films of CdSe/CdS QRs excited with femtosecond pulses [42] . The smaller mismatch between the core and the shell in these nanostructures resulted in a better passivation and a reduction of non radiative losses. In addition, CdSe/CdS QRs acted as quasi type II nanostructure because the holes were confined in the CdSe core while electrons were strongly delocalized in the ellipsoidal CdS shell [40] [41] [42] . Consequently, Auger recombination was significantly decreased, and ASE threshold was reduced down to 0.1 mJ/cm 2 .
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The European Physical Journal Applied Physics Fig. 8 . Demonstration of ASE in the blue, red and green by Dang et al. [38] . Left panels present photographs of the waveguide below and above the threshold, and the plot the PL intensity as a function of the pump fluency. Published with permission of The Nature publishing group.
Colloidal nanoplatelets (NP)
Colloidal nanoplatelets (see Fig. 1c ) have emerged as suitable materials to further reduce the threshold of stimulated emission [14] . The quantization of energy levels in one dimension imposes a moment conservation rule to reduce Auger recombination rate. In addition, such a flat shape provides a high absorption cross section and exciton density, useful to generate gain under low optical pumping conditions. Moreover, emission can be accurately tuned with the thickness of the platelet, resulting in a narrow peak emission and a large Stokes shift controlled by the dimensions of the platelet and the shell. Stimulated emission properties of NPs were firstly studied by She et al. [44] in a close packed film of CdSe NPs with emission in the red (632-650 nm). The reduction of Auger recombination rate in these nanocrystals, together with their high absorption cross section and quantum yield revealed a decrease of the threshold of stimulated emission down to 17 μJ/cm 2 measured under femtosecond excitation. Authors also analyzed the influence of a CdS shell grown on the bottom and on the top of the CdSe NP concluding that the shell can reduce ASE threshold down to 6 μJ/cm 2 . In the same way, the grown of a crown (or winds) of CdS shell on the sides of the CdSe core allowed obtaining a reduction of the ASE threshold from 200 to 40 μJ/cm 2 [45] . An important milestone was reached by Grim et al. [46] . By employing a high quality close packed film of CdSe NPs with emission at 533 nm, an ultralow ASE threshold of 6 μJ/cm 2 under femtosecond excitation was obtained. Moreover, minimization of Auger recombination resulted in the demonstration of ASE under continuous wave (CW) operation (pump threshold 6 W/cm 2 ), as shown in Figure 9 . To the best of my knowledge this is the first were optical amplification under CW operation is obtained with semiconductor nanocrystals.
CdSe NPs with emission in the green (532 nm) were also chosen to study the effect of the lateral size of the NP (parameter R in Fig. 1d ) [47] . For this purpose, the recombination time of the PL and the ASE thresholds were thoroughly analyzed by pumping the nanocrystals with femtosecond pulses. NPs with larger size exhibited the highest stimulated emission thresholds (between 45 and 65 μJ/cm 2 ), as non radiative channels prevail in large NPs, decreasing as a consequence the quantum yield.
Finally, emission wavelength of colloidal nanoplatelets was tuned along the whole visible spectra by using CdSe and CdSe/CdS nanostructures with different dimensions [48] . As a result, ASE was demonstrated in the blue, yellow, green and red with stimulated emission thresholds between 6 and 50 μJ/cm 2 under femtosecond excitation.
Spontaneous emission at IR
Operation at infrared wavelengths requires the use of colloidal nanocrystals with larger Bohr radius. Traditionally this target has been undertaken by using Pb-based materials, commonly applied in solar cells or photodetectors [9] . However, since these Pb QDs usually present smaller quantum yield, their application in optical gain is still a challenge. To the best of my knowledge, there is only one publication where ASE was demonstrated at 1200 nm by using a close packed film of PbS QDs [49] . The layer was optically pumped above 1 mJ/cm 2 under picosecond excitation. Therefore, fabrication of new colloidal nanocrystals with emission in the infrared is a nice topic of the research. Interesting advances has been developed with PbS/CdS QDs [50] , where the shell significantly enhances the quantum yield. In addition, recent investigations in HgTe QDs [24] revealed interesting light emission properties for optical amplification [51] .
Sol gel nanocomposites
The incorporation of colloidal nanoparticles in transparent inorganic matrices (TiO 2 , ZrO 2 , etc.) has been a second technological approach to integrate semiconductor nanocrystals in photonic devices. The advantages of the resulting nanocomposites (see Fig. 5a ) are derived from 30001-p8 I. Suárez Alvarez: Active photonic devices based on colloidal semiconductor nanocrystals and organometallic halide perovskites . 9 . Demonstration of ASE with colloidal nanoplatelets carried out by Grim et al. [46] . ASE is demonstrated in fs and CW operation with thresholds of 6 μJ/cm 2 and 6 W/cm 2 respectively. Published with permission of The Nature publishing group.
the high refractive index and low losses of the sol-gel material joined with light-emitting properties of the nanostructures. In this way, Sundar et al. fabricated a planar waveguide made by a homogeneous dispersion of CdSe QDs (emission at 600 nm) in a TiO 2 matrix [52] . The structure was characterized by the VSL method and demonstrated ASE for high enough pump fluencies. Similar results were obtained by embedding CdSe/ZnS QDs in TiO 2 [53] . Then, Jasieniak et al. studied the optical properties of planar waveguides made by the incorporation of CdSe/ZnS QDs (emission at 630 nm) in TiO 2 , and ZrO 2 [54] . Although a similar ASE threshold (0.33 mJ/cm 2 under fs pulses) was found for both kind of matrices (TiO 2 , and ZrO 2 ), the later demonstrated longer term stability. This is because TiO 2 -QD nanocomposite formed a type II heterostructure where electrons can scape through the matrix, while the ZrO 2 -QD interface resulted in a type I heterostructure where carriers are strongly confined in the QD. Again, Jasieniak et al. [55] [56] .
Transparent oxide matrices have been also used to obtain ASE in the blue or the infrared. Chan et al. implemented an amplifier with CdS/ZnS QDs embedded in a sol gel SiO 2 matrix pumped above 0.2 mJ/cm 2 under femtosecond excitation [57] . In addition, ASE at infrared wavelengths was achieved by incorporating PbSe QDs into a TiO 2 matrix optically pumped above 0.2 mW under picosecond excitation [58] .
Two photon absorption (TPA)
Two photon absorption (TPA) consists of an electronic transition from the ground to an excited state via virtual states induced by the simultaneous absorption of two
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The European Physical Journal Applied Physics photons at infrared wavelengths [59] . The electron promoted into the excited state can then recombine with a hole leading the emission of PL (see Fig. 10 ). Although the generation of PL by this non linear mechanism requires higher fluency than that needed by one photon excitation, it presents important advantages in some applications. For example, TPA is interesting for biological imaging, as the tissue optical window (700-900 nm) allows higher spatial resolution, longer penetration depth and small damage in the samples. In addition, the dependence on the square profile of the absorbed photons can be useful in several fields. For example, it is suitable to define sharp patterns in lithography or to be used as optical power limiter, in which the transmitted intensity will approach to a constant value above certain fluency. Finally, TPA is more flexible than other non linear mechanisms, since it does not require a phase matching to develop the frequency conversion. Then, materials with efficient TPA are promising candidates to implement optical sources based on the optical amplification of the up conversion mechanism.
Although TPA has been traditionally developed in organic dyes [59] , studies carried out in colloidal nanoparticles revealed two photon absorption cross sections as high as 10 4 GM (Göppert-Mayer units, 1 GM = 10 −50 cm 4 s photon −1 ) [60] . Indeed, it is even possible to demonstrate ASE under two photon pumping in colloidal nanoparticles. First studies were developed by Jasieniak et al. by incorporating CdSe-CdS-ZnS QDs in ZrO 2 matrices [55] . Authors compared the generation of gain under one (excitation wavelength at 400 nm) and two photon (excitation wavelength at 800 nm) pumping in nanocrystals of different sizes. Thresholds of stimulated emission were found to be between 0. 15 QR nanostructures presented a better TPA cross section due to the higher absorption in the shell. In this way, Xing et al. reached stimulated emission in close packed film of CdSe/CdS QRs (emission at 600 nm) with an energy threshold of 1.5 mJ/cm 2 optically pumped under femtosecond pulses at 800 nm [61] .
Stimulated emission under two photon pumping was also demonstrated by using NPs as an active medium. Olutas et al. exploited the high absorption efficiency (TPA cross section ∼10 6 GM) of CdSe/CdS to obtain stimulated emission TPA threshold of 6 mJ/cm 2 (fs excitation) [47] . A slightly smaller threshold (5 mJ/cm 2 ) was demonstrated by Guzelturk et al. by using CdSe NPs capped with a crown CdS shell [39] .
Lasing
A laser is an optical oscillator constructed by providing coherent feedback in a medium with optical gain. Therefore the integration of a laser in small devices requires a material able to achieve inverted population, the design of the optical cavity to generate the feedback, and the mechanism to pump and extract light [62, 63] . For this purpose, semiconductor nanocrystals results interesting materials because their solution process nature enables their incorporation in a wide range of optical resonators (see Fig. 11 ).
A distributed feedback laser (DFB) capped by a CdSeTiO 2 nanocomposite (see Fig. 11a ) has been presented in [64] . This structure consists of a diffraction grating where the period of the grating matches the Bragg condition (λ/2n, where n is the effective refractive index). A similar design was proposed in [56] with a close packed film of CdSe/CdZnS/ZnS QDs (emission between 630 and 655 nm) embedded in a ZrO 2 matrix. The waveguide was optically pumped at 400 nm and 800 nm with femtosecond pulses in order to compare the generation of lasing under one photon and the two photon absorption mechanisms. Laser lines narrower than 1 nm were demonstrated with thresholds as low as 80 μJ/cm 2 (400 nm) and 8 mJ/cm 2 (800 nm). Lasing under two photon pumping was also demonstrated in [65] by using a close packed film of CdSe/ CdS/ZnS QDs (Fig. 5a ). The feedback was provided by the Fresnel reflection produced at the input and the output of the parallel faces of the waveguide. The structure was characterized by the VSL method and revealed narrow laser peaks (FWHM < 1 nm) when the pump fluency was higher than 5.5 mJ/cm 2 . A DFB structure was also chosen to demonstrate lasing with a close packed film of InP/ZnS QDs (emission at 600 nm) deposited on the grating [66] . The film presented lasing when it was optically pumped above 2 mJ/cm 2 under femtosecond excitation. Finally a DFB patterned on a MgF 2 substrate has been chosen to obtain lasing under long nanosecond pulses (400 ns) [67] . A compact CdSe-CdS-ZnS films deposited on the grating provided a high optical gain, while the MgF 2 substrate improved the thermal conductivity of the active material.
A silica microsphere presents strong optical resonances provided by the whispering gallery modes traveling along the surface of the sphere. Therefore, silica microspheres coated with colloidal nanoparticles (see Fig. 11b ) have also been proposed as a laser with a high quality factor. Chan et al. [57] [70] . (e) Sides of a cuvette acting as mirrors. Published with permission of Nature publishing group [73] .
by coating a silica microsphere with a ring of colloidal nanoparticles [68] . As a result, narrow laser lines as short as of 6 pm were obtained in the single and biexciton regimes with lasing thresholds of 68.5 μW and 123.3 μW, respectively.
A vertical cavity surface emitting laser (VCSEL) incorporating semiconductor nanocrystals as a gain medium has been also studied to demonstrate lasing. This structure is characterized by an efficient laser emission from the surface provided by the feedback between two parallel mirrors deposited on the faces of the active layer (i.e., a close-packed film of nanocrystals). Fabrication of high reflectivity mirrors in semiconductor technology is commonly undertaken by alternating layers of high and low refractive index (Fig. 11c) . If the thicknesses of the layers match the Bragg condition (λ/4n, where n is the refractive index) the periodic stack provides a high reflectivity at the operation wavelength (λ), and it is usually called distributed Bragg reflector (DBR). Moreover, if a defect layer (of thickness λ/n) is placed between two DBRs, a resonance will be present in the reflectivity band [32] . A VCSEL structure incorporating QDs was firstly proposed by Dang et al. by depositing CdSe/ZnCdS (emission between 565 and 625 nm) between commercial DBRs [38] . As a result lasing emission with a threshold of 60 μJ/cm 2 and a FWHM shorter than 1 nm was obtained. A similar structure by using Si 3 N 4 /SiO 2 DBR mirrors was proposed by Goldberg and Menon [69] to demonstrate ASE emission with a threshold of 220 μJ under nanosecond excitation with a low repetition rate (10 Hz). An important milestone was reached by Grim et al. who demonstrated lasing under CW operation [46] . The structure consisted of a close packed film of CdSe NPs (emission at 535 nm) deposited between two commercial Bragg mirrors, as presented in Figure 12a . Excitation under femtosecond pulses revealed an ultrafast response of the lasing peaks (see Fig. 12b ) and a similar response as with CW excitation shown in Figure 12c . Excitation under
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The European Physical Journal Applied Physics pump fluencies higher 4 W/cm 2 demonstrated a collapse of the Gaussian spontaneous emission spectra (green line in Fig. 12c ) in a narrow laser line (black line in Fig. 12c ). Indeed the log-log plot of the PL spectra as a function of the pump fluency shows a S-shaped curve characteristic from a laser cavity. Integrate PL grows sublinearly for low excitations fluencies, followed by a superlinear transition before the linear regime of the laser.
The emission efficiency of CdSe/CdS NPs coupled to the modes of a VCSEL cavity was also exploited in [45] to demonstrate lasing under two photon pumping with a threshold of 2.49 mJ/cm 2 . The VCSEL was constructed with a periodic stack of SiO 2 and TiO 2 layers. Later same authors incorporated a layer of CdSe/CdS QDs in the SiO 2 /TiO 2 structure to demonstrate a high quality factor laser (FWHM < 1.5 nm), and a threshold as low as 750 μJ/cm 2 optically pumped at 800 nm (TPA mechanism) [39] . In both cases, structures were excited under femtosecond pulses.
Lasing in CdSe/CdS NPs has also been demonstrated with the aid of two parallel mirrors spatially separated the right length to provide a coherent feedback [48] . One of the mirrors was coated with the colloidal solution and could be tilted along the axial axes in order to match the length of the cavity. Sharp lasing peaks (FWHM = 4-6 nm) at 462 nm and 630 nm, spaced less than 0.3 nm with pump thresholds between 150 and 320 μJ/cm 2 , were demonstrated.
A special deposition of colloidal nanocrystal can lead the formation of a planar cavity. For example, a drop of colloidal CdSe/ZnS QDs can generate whispering gallery modes due to the higher concentration of nanoparticles around the circumference, as shown in the photograph of Figure 11d [70] . As a consequence lasing was generated at pump fluencies above 53 mJ/cm 2 under nanosecond excitation. In the same way, Di Stasio et al. [71] demonstrated lasing by depositing CdSe/CdS QRs in a coffee ring structure. In this particular pattern, the nanoparticles are concentrated on the contour of a drop due to different evaporation rates from the sides to the center. For this purpose Di Stasio et al. made the appropriate ligand exchange to dissolve the QRs in water. As a result, lasing at 630-650 nm was demonstrated under femtosecond excitation. The threshold was 10 μJ/cm 2 and the linewidth of 14.7 nm.
Finally, generation of lasing was also obtained by providing resonances in the colloidal solution. A first strategy consisted of filling the core of an optical fiber with a 30001-p12 I. Suárez Alvarez: Active photonic devices based on colloidal semiconductor nanocrystals and organometallic halide perovskites colloidal solution of CdZnS/ZnS QDs (emission at 440 nm) [72] . Whispering gallery modes of the cover provided the required feedback to demonstrate 5 nm narrow laser lines with a threshold of 14.7 mJ/cm 2 under nanosecond excitation. Lasing from the colloidal solution of CdSe/CdS NPs was also obtained by using the end faces of a cuvette as mirrors (see Fig. 11e ) [73] . Moreover, the high absorption cross section of the NPs developed an efficiency excitation under TPA (excitation wavelength at 800 nm) or even under three photon excitation (excitation wavelength at 1300 nm). As a result, lasing with a FWHM of around 1 nm and a threshold of 1.2 mJ/cm 2 (two photon) and 4.3 mJ/cm 2 (three photon) was obtained by exciting the NPs with femtosecond pulses.
Therefore, investigations of active devices based on semiconductor nanocrystals demonstrated a significant progress. Improvement of the quality of the nanoparticles and the design of the optical cavity resulted in a decrease of the stimulated emission threshold down to 1 μJ/cm, or even under CW optical pumping. Stimulated emission under electrical pumping, however, is still a challenge and probably it will be the subject of future investigations in order to make the colloidal nanocrystals competitive with III-V materials. Nevertheless, research undertaken with light emitting diodes (LEDs) reveals promising results. For example, it is interesting to mention recent works dealing about electrical LEDs based on semiconductor nanocrystals with emission in the visible [74] or the infrared [75] .
Emerging materials for photonic applications

Polymer nanocomposites
Incorporation of colloidal nanoparticles in polymers has emerged as an alternative technology to close-packed films or metal oxide nanocomposites [4, 76] . Polymers are cheap and flexible materials, which can be processed in films by different methods (dip coating, spin coating, Dr. Blading) on a broad range of substrates. In addition, some polymers can be patterned by different lithographic techniques such as nanoimprint, electron beam or ultraviolet lithography. Moreover, since polymers are solution process materials, they can easily act as matrices of different compounds of nanoparticles to provide additional properties. For example, dyes, organic semiconductors or rare earth ions have been traditionally embedded in polymer matrices to demonstrate amplification or lasing [77] [78] [79] . Therefore, a polymer nanocomposite containing semiconductor nanocrystals results a flexible material which joins the active properties of the nanoparticles together with the technological feasibilities of the polymer matrices [4, 76] . For example, a DFB grating fabricated on polymers containing CdSe/ZnS QDs have been proposed to demonstrate lasing [80, 81] , even under nanosecond excitation [81] .
Furthermore, polymers are not only attractive by their technological feasibilities, but also for their optical properties, because they are transparent in a broad range of wavelengths and their refractive index is relatively high (n ∼ 1.5) [4] . Therefore, a QD-polymer nanocomposite is prospective material to implement active photonic devices. In this way, we demonstrated the feasibility of embedding colloidal QDs in poly(methyl methacrylate) (PMMA) with a good dispersion of nanocrystals in the matrix [83] . An active waveguide was then constructed by depositing a QD-PMMA film on a SiO 2 substrate, as it is schematically illustrated in Figure 13a . Since the refractive index of the polymer (n ∼ 1.5) is higher than that of the substrate (n ∼ 1.45), the nanocomposite film provides good confinement of the light emitted by the QDs. Moreover, the nanocomposite was able to propagate a pump beam coupled at the input edge of the structure (see Fig. 13b ) if the filling factor (volume ratio of QDs into the polymer) of QDs in PMMA was limited to 10 −3 [84] . Similar results were obtained by incorporating colloidal QDs in the commercially available photoresist SU8 [4] . Here lithographic properties of the resist were exploited to pattern the nanocomposite in ridge waveguides (see Fig. 13a ). For this purpose, it became necessary to develop a ligand exchange in order to make the nanoparticles soluble in γ-butirolactone (common solvent of SU8).
Although a filling factor of 10 −3 is low for gain applications, the QD-polymer nanocomposite waveguides have been applied in a wide range of fields which do not require a high concentration of nanocrystals. For example, the generation of guided white light was obtained by engineering the appropriate proportions of CdS (emission at 450 nm), CdTe (emission at 540 nm) and CdSe (emission at 600 nm) embedded in the same PMMA film [83] . In addition, QD-PMMA waveguides result a suitable platform to integrate sensing functionalities in photonic structures since these waveguides enabled to detect a temperature variation with a resolution of 0.1
• C by monitoring the intensity of the guided PL [84] . Indeed, multiplexing of sensors was also demonstrated by using QDs materials with different band-gap.
The application of colloidal QDs in amplification or lasing requires filling factors of nanoparticles in the film larger than 10%, as it has been explained in the previous sections. Such a high concentration, however, limits the propagation of the pump beam along the waveguide, and it becomes necessary to pump the samples from the surface to provide a uniform excitation along the whole length of structure (VSL method) [34] . Although these pumping conditions are usually undertaken to demonstrate amplification with colloidal nanocrystals, high lasing/ amplification threshold are required due to the large excitation area. Nevertheless, we designed a kind of waveguides able to propagate a pump beam along the whole length of a waveguide structure containing a high concentration of colloidal nanoparticles. First, a passive PMMA cladding was deposited on a QD-PMMA nanocomposite (see Fig. 14d ). This cladding alleviated the propagation losses and provided a better collection of the guided PL [85] . By using this structure as a starting point, results were improved by patterning a SU8 cladding on a QD-PMMA nanocomposite, as shown in Figure 13c [85] . Finally, an optimum waveguide structure, consisting of an
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The European Physical Journal Applied Physics ultrathin (∼50 nm) close packed films of QDs sandwiched between two PMMA layers, was recently developed [86] . Geometrical parameters of the waveguide were designed to propagate a pump beam with low losses together with a high generation of PL. In addition, a technological process to pattern PMMA by UV lithography was also proposed in order to implement a ridge structure, as plotted in Figure 13d . As a result, an enhancement of PL generation of 100 fold was demonstrated. The excitation of a high concentration of QDs along long distances can be exploited to develop a wide range of functional devices. For example, light absorbed by the exciton transition of the QD can be decreased or even saturated by filling the excited states of the nanostructure. Thus, attenuation of light travelling at long wavelengths can be controlled by pumping the nanostructures at higher energies (shorter wavelengths). This effect was demonstrated in [87] by using PbS-PMMA bilayer waveguides to produce phase shifts in microwave signals. When these structures are pumped at wavelengths in which PbS has efficient absorption (980 or 1310 nm), a phase shift in a microwave signal carried at 1550 nm is induced. Indeed, a continuous phase shift up to 35
• at 25 GHz with good thermal stability (<2
• at 25 GHz) was obtained.
Results were even improved by exploiting the better confinement of the light provided by the PbS-SU8 ridge structures [88] . Here, the QD-polymer active waveguides presented potential benefits with respect to other technologies, such as a continuous scan of the phase delay or its small size.
Semiconductor organometallic halide perovskites for photonic applications
Semiconductor organometallic halide perovskites (HPVK) are solution processed materials synthesized with the general perovskite formula, AMX 3 , in which A is methylammonium (CH 3 NH 3 ) or formamidinium (HC(NH 2 ) 2 ), M can be either Pb or Sn, and X si an halogen (X = Cl, Br, I) [16] . Polycrystalline films of HPVK are easily fabricated from the solution on a wide variety of substrates and have demonstrated a huge potential in optoelectronic applications. Photovoltaics have been the main trend, as the high absorption cross section and diffusion lengths of the HPVK films can enhance the conversion effi ciencies of solar cells [89] . However, HPVKs also present attractive properties for photonic applications.
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As colloidal QDs, they exhibit a high PL quantum yield (up to 70%) at room temperature together with a tunable band-gap controlled by the composition [16, 90] . Therefore, HPVKs layers have been successfully applied in a wide range of photonic devices, such as photodetectors [91, 92] or light emitting diodes [90, 93] . In addition, since HPVKs present a fast carrier formation and long recombination time, they are promising materials to reduce the stimulated emission threshold in active devices [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] , as it has been nicely reviewed in [90] .
Amplification in HPVKs was firstly demonstrated by Xing et al. by optically pumping the surface of a CH 3 NH 3 PbI 3 film with femtosecond pulses [94] . For high enough pump fluencies (10 μJ/cm 2 ), spontaneous emission band collapsed to a narrow line located at 780 nm with a 10 nm linewidth. In the same work, ASE was demonstrated in a broad range of wavelengths (from 390 to 790 nm) by modifying the halide in the HPVK compound (CH 3 NH 3 PbCl x Br 3−x with emission between 390 and 600 nm, and CH 3 NH 3 PbBr x I 3−x with emission between 700 and 790 nm). Lasing by using HPVKs as active medium was demonstrated by Deschler et al. by incorporating a CH 3 NH 3 PbI 3 layer in an optical cavity composed by a Bragg mirror (bottom mirror) and a Au film (top mirror) [95] . The VCSEL structure presented a narrow laser line (FWHM = 1.6 nm) when it was excited above 1.2 mJ/cm 2 with picosecond pulses (400 ps). Optical amplification under nanosecond excitation (Nd:Yag laser triplicated to 355 nm) was obtained by pumping CH 3 NH 3 PbI 3 films above 65 μJ/cm 2 [96] . A layer of HPVK was then deposited on a silica microsphere (see Fig. 15a ) in order to demonstrate lasing with a FWHM of 1 nm and a threshold of 100 μJ/cm 2 . ASE of CH 3 NH 3 PbI 3 films was also achieved by depositing the HPVK in a VCSEL structure composed of a Au layer and cholesteric liquid crystal (CLC), as it is plotted in Figure 15b [97] . The efficiency of the CLC reflector is exploited to reduce the threshold down to 7.6 μm/cm 2 under femtosecond excitation.
We demonstrated the implementation of a compact optical amplifier by incorporating a CH 3 NH 3 PbI 3 film in a polymer waveguide, as it is schematically illustrated in Figure 15c [98] . The waveguide consisted of a PMMA/ HPVK bilayer structure deposited on a SiO 2 /Si substrate. The absence of losses in the PMMA film allowed the propagation of a pump beam along the whole length of the waveguide. Therefore, generation of PL in the HPVK layer was produced by the evanescent tail of the pump beam travelling through the waveguide (see Fig. 15c ). Geometrical parameters of the structure were properly optimized to obtain optical amplification with a threshold as low as 2 nJ (nanosecond excitation), as it is presented in the top of Figure 15c . This energy corresponds to a pump fluency of 64 μJ/cm 2 confined in the core of the waveguide (PMMA/HPVK bilayer). However since the excitation beam is mainly travelling along the PMMA layer, only 0.03% of this fluency (20 nJ/cm 2 ) excites the HPVK layer via the evanescent field of the mode. Consequently, the waveguide also demonstrated a net gain of around 10 dB/cm and a narrow linewidth of FWHM = 3-4 nm without the aid of an optical resonator.
Recently a CH 3 NH 3 PbI 3 film was successfully patterned to construct a DFB laser [99] . The structure presented a low laser threshold of 0.32 μJ/cm 2 when it was pumped under nanosecond excitation.
Crystalline HPVKs have also been investigated by synthetizing different shapes of perovskite nanoparticles. If surface of nanocrystals is properly passivated, the quantum yield of the nanocrystal can be enhanced, due to the reduction of surface traps and the absence of interface traps in the polycrystalline layers. Therefore, threshold of stimulated emission can be significantly reduced. Zhang et al. synthetized triangular and hexagonal CH 3 NH 3 PbI 3 fabricated from PbI 2 nanoplatelets by a chemical vapor depositing technique (see Fig. 15d ) [100] . The dimensions of the polygon were an edge length between 5 and 50 μm, a thickness of 20-300 nm wide and an angle between edges of 60 and 120
• , consistent with the perovskite lattice. The nanostructure presented whispering gallery modes able to provide a feedback in the PL (centered at 780 nm), and consequently to generate a laser line of FWHM = 0.9 nm with a threshold as low as 14 μJ/cm 2 . Liao et al. synthetized square HPVKs of CH 3 NH 3 PbBr 3 with side lengths ranging between 1 and 10 μm and thicknesses between 0.1 and 0.25 smaller than the side length [101] . For this purpose, authors proposed a simple method based on the mixture of a solvent (DMF) and antisolvent (CH 2 Cl 2 ) with the HPVK compound. As a result, the nanostructures demonstrated a narrow lasing line of FWHM = 0.5 nm at 557 nm when they were optically pumped above 3.6 μJ/cm 2 . Recently unidirectional laser emission from CH 3 NH 3 PbBr 3 Perovskite microdisks was demonstrated [102] . For this purpose fabrication was carefully controlled in order to synthetized a microdisk connected to a nanowire, both with rectangular shape. As a consequence laser emission produced in the cavity could be extracted from the nanowire waveguide.
Single crystalline CH 3 NH 3 PbX 3 nanowires of 10 μm length and 100 nm thick were grown by Zhu et al. by immersing a lead acetate (PbAc 2 ) thin film in a CH 3 NH 3 X solution [103] . After two step reaction process, high quality nanostructures with low trap density and exceptionally high quantum yield were formed (see Fig. 15e ). As a result, nanowires presented an ultralow lasing threshold of 220 nJ/cm 2 with a high quality factor (FWHM = 0.22 nm) and a polarized emission in the transverse electric mode. In addition, authors exploited the band gap tunability of the CH 3 NH 3 X compound to demonstrate lasing from 490 and 780 nm. CH 3 NH 3 X nanowires have also been studied in [104] to implement microcavity lasers. Again, nanocrystals presented low crystalline traps, and band gap was successfully tuned with the amount of halogen in the compound. As a consequence, stimulated emission in a broad range of wavelengths (551.3-777 nm) with thresholds ranging between 11 and 60 mJ/cm 2 and a FWHM close to 2 nm was demonstrated. In addition, this publication studied the dependence of the stimulated emission with temperature. Although lasing wavelength always red
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The European Physical Journal Applied Physics shifted with the decreasing of temperature, the energy position depends on the crystalline phase of the perovskite structure [16] : in the tetragonal phase (temperature > 160 K) lasing occurred at the lower energy side (∼780 nm), while in the orthorhombic phase (T < 160 K) lasing transition was present at higher energy side (∼750 nm). Spherical perovskite nanocrystals have also been synthesized as a promising material to implement active devices. Yakunin et al. studied the properties of CsPbX 3 colloidal perovskite nanoparticles and its incorporation in different photonics structures [105] . By altering the composition X it became possible to modify the bandgap between 450 and 700 nm (see Fig. 15f ). As a consequence, close packed films of nanocrystals demonstrated ASE in a broad range of wavelengths with thresholds of 3-25 μm/cm 2 under femtosecond excitation. ASE was also obtained with nanosecond pulses, but higher pump fluencies were needed (450 μm/cm 2 ), in agreement with the study performed in [106] . Then, colloidal nanocrystals were incorporated in photonic cavities in order to demonstrate lasing. Firstly, a layer of CsPbBr 3 (emission at 535) was deposited on a microsphere to obtain lasing (FWHM = 0.2 nm) with the aid of the whispering gallery modes of the cavity. In addition, a CsPb(Br/Cl) 3 film presented laser lines as narrow as 0.14 nm, due to a random feedback effect. Amplification properties of perovskite QDs have also been studied by Wang et al. [107] by optically pumping close packed films of CsPbBr nanocrystals with sizes between 5.5 nm and 9 nm. These nanocrystals presented useful properties for optical amplification because they exhibit a quantum yield as high 30001-p16 I. Suárez Alvarez: Active photonic devices based on colloidal semiconductor nanocrystals and organometallic halide perovskites [67] as 90% and reduced Auger non radiative recombination (down to two fold) respect that found in colloidal II-IV nanocrystals. These nanoparticles demonstrated ASE in a broad range of wavelengths (524.5-620 nm) with pump thresholds between 22 and 55 μJ/cm 2 under femtosecond excitation. CsPbBr 3 QDs also present an efficient generation of PL under TPA, as it has been studied in [108] . Indeed, a film of nanoparticles revealed the generation of ASE under TPA with pump fluencies above 0.8 mJ/cm 2 , smaller thredhold than that obtained with semiconductor nanocrystals.
Finally, novel kinds of perovskite nanowires with better thermal stability were recently proposed by using formamidinium instead of methylamonium [109] . HC(NH 2 ) 2 PbI 3 (emission at 820 nm) and HC(NH 2 ) 2 PbBrI 3 (emission at 560 nm) presented low stimulated emission thresholds (6 μJ/cm 2 ) and narrow laser line (0.53 nm) durable up to ∼10 8 laser shots when the nanocrystals were optically pumped under femtosecond excitation. Therefore, although amplification and lasing using perovskite based materials have been studied for just three years, a significant progress has been developed. Perovskite materials have been synthetized in films or different sorts of nanoparticles (microdisks, nanowires or quantum dots), and have been incorporated in different sorts of photonics structures (VCSELs, waveguides or microspheres). Moreover, their excellent quantum yield emission and wavelength tunability has been exploited to demonstrate amplification and lasing with a low threshold and a broad range of wavelengths. Indeed, up to know perovskite has demonstrated smaller threshold than those obtained with semiconductor nanocrystals (see Fig. 16 ). However, to the best of my knowledge there is no demonstrate of stimulated emission under CW operation, and the generation of optical gain under electrical pumping
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The European Physical Journal Applied Physics is still a challenge. Nevertheless, properties of perovskite look promising in these directions, since they not only present interesting light emitting properties but also a high electron mobility and diffusion lengths, already exploited to develop solar cells [88] , LEDs [89, 92] or photodetectors [90, 91] .
Conclusions and prospects
Colloidal nanocrystals are suitable materials for photonic applications. Their high quantum yield emission at room temperature together with their band-gap tunability can be exploited in different applications, such as amplification, lasing or sensing. In addition, since this material is processed in solution, it can be easily integrated in a wide range of photonic structures. For example, active planar waveguides based on colloidal nanoparticles have been implemented by depositing close packed films of nanocrystals or by embedding the nanostructures in matrices. The analysis of the stimulated emission threshold presented in Table 1 is reached under the single exciton regime. For this purpose, it becomes necessary to develop type II QDs nanostructures or quasi type II QRs and NPs. However, in spite of the reduction in the ASE threshold, femtosecond excitation is still the usual pumping mechanism. Indeed, to the best of my knowledge there is only one publication where optical gain is demonstrated under CW regime by using colloidal NPs (Tab. 2).
ASE can also be demonstrated by the absorption of two photons in the infrared, opening a wide range of applications of the colloidal nanocrystal waveguides. However, since this non linear mechanism requires a two photon pumping mechanism, ASE thresholds increase up to tens of mJ/cm 2 for QDs and about 1 mJ/cm 2 for QRs and NPs (see Tab. 3).
Incorporation of colloidal nanocrystals in optical cavities is an interesting approach to implement compact integrated lasers, as summarized in Table 3 . The resonators usually present a high quality factor (FWHM < 1 nm), and hence, lasing was also demonstrated with reduced thresholds (smaller than 1 mJ/cm 2 ). In addition, lasing can be achieved by a TPA mechanism when the photonic structure is pumped at infrared wavelengths above 1 mJ/cm 2 . Finally, organometallic halide perovskite recently synthesized in polycrystalline films or single nanocrystals, have emerged as an alternative material to colloidal II-IV nanocrystals. Since HPVK presents a long radiative recombination time and a slower Auger effect, the threshold of stimulated emission can be significantly reduced. Indeed, amplification or lasing in HPVK materials was demonstrated with fluencies of around ∼10 μJ/cm 2 , generated not only under femtosecond excitation but also with nanosecond pulses (see Tab. 4). In addition, HPVK materials have been integrated in photonic cavities to obtain narrow laser lines with threshold fluencies smaller than 1 μJ/cm 2 . Therefore, investigations of ASE or lasing based on semiconductor nanocrystals and halide perovskite demonstrated an important progress. The improvement of the active material resulted in a 100 fold decrease of the stimulated emission, as it is presented in Figure 16 , and a narrower laser lines. However, in spite of this significant progress, research in colloidal nanocrystals is still attractive in order to further enhance the current performances. First of all, demonstration of CW lasing is still a challenge. To the best of my knowledge, there is only one publication where stimulated emission is obtained under CW optical pumping. Indeed femtosecond excitation is usually the pumping mechanism in most of the publications, and there are few works where optical amplification is demonstrated with longer pulses (picosecond or nanosecond). For this purpose, not only the synthesis of better materials, but also the optimization of the photonic architecture could
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The European Physical Journal Applied Physics improve the excitation and generation of light. Indeed, surface excitation of layers of solution process materials is still the most common approach. For this purpose, the integration of active materials in polymer waveguides, could provide a cheap and flexible alternative technology. For example, we optimized the generation of optical gain by designing a polymer/perovskite bilayer waveguide.
In addition, since investigations are mainly carried out at visible (400-700 nm) or near infrared (up to 800 nm) wavelengths, it would be desirable to red-shift the operation wavelength. For this purpose, nanostructures with high quantum yield emission in the infrared would be necessary, and would open the application of these solution process materials.
Finally, demonstration of stimulated emission under electrical pumping is challenge and nice topic of research in order to make these materials a real alternative to III-V semiconductors.
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